We calculate bending moduli along the principal directions for thirty-two select atomic monolayers using ab initio Density Functional Theory (DFT). Specifically, considering representative materials from each of Groups IV, V, III-V monolayers, transition metal dichalcogenides, Group III monochalcogenides, Group IV monochalcogenides, and transition metal trichalcogenides, we utilize the recently developed Cyclic DFT method to calculate the bending moduli in the practically relevant but previously intractable low-curvature limit. We find that the moduli generally increase with thickness of the monolayer and that structures with a rectangular lattice are prone to a higher degree of anisotropy relative to those with a honeycomb lattice. We also find that exceptions to these trends are generally a consequence of unusually strong/weak bonding and/or significant structural relxation related effects.
is a recent ab initio method that tremendously reduces the simulation cost for systems with cyclic symmetry. In particular, by utilizing the connection between uniform bending deformations and cyclic symmetry, the method enables the calculation of bending moduli for nanostructures in the practically relevant but previously intractable low-curvature limit. In this approach, shown schematically in Fig. 1 , a uniform bending deformation is applied to the nanostructure's unit cell, which is then mapped periodically in the angular direction. The cyclic symmetry of the resultant structure is then exploited to perform highly efficient DFT calculations for the ground state energy. Having done so for different deformations, the bending modulus is determined from the energy's dependence on curvature. Note that this approach neglects edge-related effects in the bending direction, justified by the nearsightedness of matter 46 and Saint-Venant's principle 47 at the electronic and continuum scales, respectively. Such assumptions are inherent to ab initio calculations for bulk properties, e.g., surface effects are neglected in Young's modulus calculations. 48 In this work, we use the first principles Cyclic DFT method as implemented in the state of the art code SPARC-X-most recent and highly optimized version of the real-space DFT code SPARC 49,50 -to calculate bending moduli along the principal directions for thirty-two select atomic monolayers. Specifically, we consider representative materials with honeycomb lattice structure from each of Groups IV, V, III-V monolayers, transition metal dichalcogenides (TMDs), and Group III monochalcogenides, as well as materials with rectangular lattice structure from each of Group V monolayers, Group IV monochalcogenides, and transition metal trichalcogenides (TMTs). These groups have been selected because of the significant success in the synthesis of affiliated monolayers, which are found also to demonstrate exotic and novel properties. [1] [2] [3] [4] [5] [6] 51 Note that the accuracy of the Cyclic DFT formulation and implementation has been systematically and thoroughly benchmarked against estab- We first determine the suitability of the chosen exchange-correlation functional and pseu-dopotentials for the thirty-two atomic monolayers being studied here. Specifically, starting from the structures mentioned in Table 1 , which are illustrated in Fig 2, we calculate the equilibrium geometry for the monolayers using the planewave DFT code ABINIT. 52 The relaxed structures so obtained, details of which are presented in the Supporting Information, are found to be in very good agreement with previous theoretical predictions as well as experimental measurements. [1] [2] [3] [4] [5] [6] 8, 51 Having thus verified the fidelity of the DFT simulations, we now calculate the bending moduli for the monolayers along their principal directions using the aforedescribed Cyclic DFT methodology. We present the results so obtained in Table 1, where D 1 and D 2 are used to denote the bending moduli along the principal directions x 1 and x 2 , respectively. The orientation of these directions relative to the different structures can be seen in Fig. 2 . Indeed, for materials with a honeycomb lattice, the x 1 and x 2 directions correspond to the zigzag and armchair directions, respectively. Note that the bending moduli have been normalized with the surface area of the flat monolayer, as is typical while reporting values for two-dimensional materials. We observe from the results that the bending moduli span nearly three orders of magnitude between the different monolayers, silicene being at one end of the spectrum with ∼ 0.36 eV and ZrSe 3 at the other end with ∼ 30 eV. Graphene is towards the lower end, being only a few fold larger than silicene and more than an order of magnitude smaller than ZrSe 3 . In terms of groups, Group III monochalcodenides and TMTs have the largest bending moduli among structures with honeycomb and rectangular lattices, respectively. Specifically, the values for both these groups are similar, with TMTs having larger moduli overall. We also observe from the results that, apart from TMTs, groups with a rectangular lattice have a higher degree of anisotropy compared to those with a honeycomb lattice. Specifically, while the bending moduli of honeycomb structures are generally similar in the armchair and zigzag directions, rectangular structures have up to a five-fold difference in the values along the principal directions. This trend is epitomized by phosphorene, which demonstrates significant anisotropy in the rectangular but not honeycomb lattice configurations.
The above observations regarding the variation in bending moduli between the different monolayers as well as the different directions within monolayers merit further discussion.
Since the exact values are determined by the complex interplay between structure, composition, and electronic structure effects, here we focus on general trends. If the monolayers are modeled as plates in the spirit of traditional continuum mechanics, 58 then the bending moduli are expected to scale cubically with the thickness. Though the exact value of thickness for monolayers like graphene is controversial, 59 in the current context we correlate it with the spatial extent of the electron density in DFT. However, such a continuum formulation neglects the highly inhomogeneous nature of the bonding that can occur in atomic monolayers, rendering the scaling laws unrepresentative for these systems, a conclusion that is indeed supported by the data here. It is nevertheless true that in the absence of structural relaxation, there is larger distortion in the bonding along the bending direction as one moves away from the center of the monolayer (i.e., neutral axis). This translates to increase in bending moduli with monolayer thickness, exceptions being materials that have unusually strong (e.g. graphene and BN 60,61 ) or weak (e.g. TiS 2 and TiTe 2 ) bonding, and/or those with significant structural relaxation related effects (e.g., TMTs, as discussed below). 2
In view of the above discussion, we plot in Fig. 2 contours of electron density difference between the flat and bent monolayers for silicene, WSe 2 , GaTe, phosphorene, and TiS 3 : materials with varied structure that have bending moduli spanning the range of values reported here. The contours are plotted in the undeformed configuration and on the x 1 x 2 -plane passing through the furthest atom from the monolayer center. It is clear that the electron density perturbations generally increase with monolayer thickness, resulting in the bending moduli following a similar trend. In addition, there is noticeable difference in the electron density perturbations between the two bending directions for phosphorene, leading to its significant anisotropy. Similar to previous conclusions for various properties, 62-65 this can be attributed to the lower degree of structural symmetry in rectangular lattices. Note that TMTs are ex-ceptions to these trends, as evident from the contours for TiS 3 , wherein the electron density perturbations are similar for both bending directions. We have found that this is a consequence of structural relaxation related effects: there is a drastic drop in the value of D 2 for
TMTs, e.g., the value for TiS 3 drops from 87.4 to 28.9 eV and the value for ZrTe 3 drops from 105.4 to 26.6 eV. In particular, we have found that the distance between the two atoms furthest from the neutral axis is significantly reduced after relaxation, taking a value similar to that obtained for bending along the x 1 direction, both of which are close to the distance in the flat sheet. This essentially negates the effect of the bending deformation in the region where it is expected to have the maximum effect, thereby resulting in the drastic reductions.
Note that the significant anisotropy observed for honeycomb structured ZrSe 2 and TiTe 2 can similarly be explained in terms of structural relaxation related effects, as evident from the unrelaxed bending moduli values presented in the Supporting Information. In summary, we have calculated bending moduli along the principal directions for thirtytwo select atomic monolayers from first principles. In particular, we have used the recent Cyclic DFT method to calculate the bending moduli of the two-dimensional materials in the practically relevant but previously intractable low-curvature limit. We have found that the moduli generally increase with monolayer thickness, spanning nearly three orders of magnitude between the different materials. In addition, we have found that monolayers with rectangular lattice structures are prone to a higher degree of anisotropy relative to those with honeycomb lattices. Exceptions to these trends generally result from unusually strong/weak bonding and/or significant structural relxation related effects. Overall, this work provides an important reference for the bending moduli of a number of important atomic monolayers.
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